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BIOLOGICAL BULLETIN 



PRECIPITATION-STRUCTURES SIMULATING OR- 
GANIC GROWTH. II. 

A Contribution to the Physico-Chemical Analysis of 
Growth and Heredity. 

RALPH S. LILLIE and EARL N. JOHNSTON, 
FROM THE Laboratory of General Physiology, Clark University 

Part I. Theoretical. 
The problem of growth, reduced to its simplest terms, is the 
problem of the conditions under which structure of a definite 
and specific kind is built up by the growing system through the 
chemical and physical transformation of material taken from 
the surroundings. As thus expressed, our definition applies to 
inorganic as well as to organic growth, e. g., to the formation of a 
crystal from its 'Vmother-liquid," or of a metallic deposit at a 
cathode. Both of these processes, especially the latter, exhibit 
many significant analogies to organic growth-processes; thus a 
crystalline or electrolytic deposit of a given chemical composition, 
laid down under constant external conditions, has, like an organic 
growth, its own definite and specific structural peculiarities. In 
organic growth and development, however, numerous complexities 
enter which are absent from inorganic growth ; in particular the 
continual chemical and physical activity of the living system is 
always present as a dominating factor; this activity is itself 
specific and modifies in a specific mariner the structure-forming 
processes, and is itself modified by them. Since every living 
organism is by its very nature an active system of this kind, the 
problem of organic growth becomes one relating not merely to 
the origination of specific structure but of specific physiological 
processes and activities as well, some of which are demonstrably 
dependent upon the observed structure, while others are related 
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226 RALPH S. LILLIE AND EARL N. JOHNSTON, 

to it In a manner which cannot be precisely defined at present. 
Evidently structure, as such, in the sense of fixed disposition of 
material parts, represents only one side of the vital organization; 
its other and more characteristic side is manifested in the various 
special organic processes and the external behavior of the or- 
ganism; these in turn imply the regulated concurrence, interaction 
and sequence of numerous simpler processes and events of a 
purely physico-chemical nature. 

It IS necessary, therefore, in forming a conception of the vital 
organization, to include as elements all of those constant or 
regularly recurrent features, both of structure and of activity, 
which contribute to the persistence or stability of the organism, 
considered as an individualized part of nature — i, e., as a system 
in equilibrium with an environment. Any living being repre- 
sents an integration or unification not merely of static conditions 
like structure, but also of processes, both simultaneous and suc- 
cessive; i, e,y the organism is to be considered not simply as a 
physical whole which is complete at any given moment, but rather 
as in its essential nature an ordered or regulated sequence of 
changes and activities, coordinated in space and time. For 
example, the succession of formative and physiological processes 
constituting development, or any special instinct requiring time 
for its exercise, is just as constant and characteristic a feature of 
the organization of a species as is its skeletal structure. What 
is most remarkable in the organism is the exact coordination of 
the various single activities, widely separated as they often are 
both spatially and temporally. Simultaneity in certain pro- 
cesses, ordered succession in others, are equally essential to its 
stable working; to be concrete, the normal activity of the heart 
and circulation in higher animals requires the simultaneous and 
coordinated activity of the nervous system, and the process of 
digestion depends upon the constancy of a certain definite suc- 
cession of events in the alimentary tract and its related organs. 
All of this must be remembered in considering the problem of 
organic growth; we have to account for the construction of a 
system which is complex and specific in its activities, as well as 
in its structure. 

It will be agreed that the possibility of any special organic 
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function, consisting, as it typically does, in a definite and regular 
succession of simpler processes, depends upon the presence of a 
fixed and stable structural organization; without this there can 
be no organization of processes, i. e., physiological organization, 
any more than there can be organized or coordinated activity 
without coordinated structure in an artificial mechanism like a 
locomotive. In this sense structure is of primary importance in 
any organism; the distinctive features of vital organization must 
therefore be referred ultimately to special structural peculiarities. 
This is obviously true of the various physical mechanisms and 
devices subserving particular functions (like locomotion, vision, 
circulation of blood, etc.) in higher animals; but it is the less 
familiar application of this principle to the general conditions of 
organic growth that I wish to consider in the present paper. 

The structural conditions present at a given time in a growing 
or developing organism determine its present and future possi- 
bilities of growth. In a certain sense this is already well recog- 
nized ; a definite structure can be observed in many instances in 
the germ before development, and certain features of this struc- 
ture, especially the symmetry about certain axes and the dis- 
tribution of certain materials, foreshadow the general morpho- 
logical plan of the adult organism.^ But in its details the struc- 
ture of the egg is entirely different from that of the adult, and 
its precise relation to the latter must be regarded as unknown; 
i. e.y we cannot say definitely why in any species the transfor- 
mation of the germ and of the material which it incorporates 
from the surroundings follows a constant and definite course, 
leading to a definite final or adult stage. Since, however, the 
building-up of organic structure from food and other materials 
is obviously a matter of constructive metabolism, any physico- 
chemical theory of development must assume that a main factor 
in the formative process is the influence of the structural con- 
ditions already present upon the metabolic transformations by 

1 For a general account of the known correspondences between the structure of 
the egg and that of the adult, cf. Conklin's recent book, "Heredity and Environ- 
ment in the Development of Man," Princeton University Press, 1918; also his recent 
paper, "The Share of Egg and Sperm in Heredity," Proc. Nat. Acad. Set., 1917, 
Vol. 3, p. loi. 
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which more structure is formed.^ At each stage of development 
the structure already present determines the nature of the struc- 
ture which is being formed at the time; i. e., the formative meta- 
bolism, like metabolism in general, is controlled by the structural 
conditions present in the growing regions, at the site of the syn- 
theses and other chemical reactions concerned in the constructive 
process. 2 In considering the general physiology of growth the 
first question to be asked relates to the manner in which struc- 
ture of a certain kind determines the production of further struc- 
ture of the same or similar kind. Differentiation in ontogeny 
presents certain additional problems, but all developmental 
processes presuppose growth, or increase in organized material 
of a type already present.^ 

It is to be assumed that the chemical reactions constituting 
the specific metabolism of any cell or other living system are 
under the control of structural conditions of a highly definite 
kind. Protoplasm is polyphasic in its physico-chemical con- 
stitution, and both the nature and the velocity of the chemical 
reactions in such a system must be largely influenced by boundary 
conditions (adsorption, capillarity, interfacial potentials, etc.); 
hence in a system of a definite chemical composition constancy 
in the arrangement, character and extent of the phase-boundaries, 
i. e., in the structural conditions present in the reacting system, 

^ The general features of this relation are very clearly discussed in Child's 
"Senescence and Rejuvenescence," University of Chicago Press, 191 5, Chapter i, 
pp. 26 seq.\ cf. also the special papers there cited. 

2 It should be noted that the site of the structure-producing chemical changes 
may in some cases be extracellular; materials produced by normal metabolism 
within the cell may pass to the exterior (be secreted, etc.) and later undergo chemical 
change giving rise to definite structure; supporting or skeletal structures are often 
thus formed (matrix of bone, cartilage, connective tissue, etc.); other instances 
are formation of spiders' webs and similar structures, clotting of blood, etc. 

3 In differentiation, i. e., the general process by which groups of descendants 
of the same germ-cell become structurally and physiologically different and func- 
tionally specialized in later development, factors seem to enter which are absent in 
simple growth. The phenomena of Mendelian inheritance plainly suggest that 
differentiation is controlled by the distribution of a limited number of structure- 
determining factors embodied in chemically stable material particles which can be 
transferred with properties intact from cell to cell. The chromosomes answer to 
this conception, and apparently form an essential part of the special physiological 
mechanism controlling differentiation; of course this control must be exercised by 
modifying metabolism, in a manner and by means which are as yet unknown. 
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implies corresponding constancy in the reactions taking place 
under such influence. In other words, if the structural condi- 
tions are definite, the chemical processes whose rate, nature and 
position they control must also be definite; and the products of 
these reactions, if they are of such a nature as to accumulate 
and add to the structural material of the system, will also be 
definite and will be deposited in definite situations and at definite 
rates and times. Apparently deposition of this kind forms an 
essential part of the organic growth-process.^ Any structural 
material thus added will secondarily influence further growth, 
and by degrees, if metabolic activity continues, a definite struc- 
ture will be built up whose precise nature, when the final stage 
is reached, will have been determined by the structure originally 
present in the growing system — assuming constancy in the 
original chemical composition of the latter, and in the conditions 
to which it has been exposed during its growth. 

In any living organism the characteristic physiological activ- 
ities and external behavior must have as their basis a constancy 
and specificity in the chemical and physical conditions under- 
lying the fundamental vital processes. These conditions are in 
large part structural; if we could account fully for specific 
structure, we could not doubt account also for what is specific 
in physiological activity and behavior. Now specific structure 
is not confined to organisms; it is perhaps most perfectly exem- 
plified in the specific form of crystals; and crystalline form is to 
be referred in turn to the chemical character and mode of arrange- 
of the molecules composing the crystal. In attempting to ac- 
count for the specific form-characters of organisms we must 
first inquire, as a matter of general scientific procedure, whether 
it is not possible to refer these to the more general conditions 
present in other natural systems which also exhibit definite and 
specific form-characters. The case of crystals is the clearest; 
here the visible structure is related to the structure of the mole- 
cules and varies with changes in the nature and relative positions 
of the atoms; this relation of molecular configuration to crystal- 
line form is best illustrated by the differences in the right and 
left-handed crystals of stereoisomeric compounds like the tar- 

1 Compare the interesting discussion of Child, loc. cit., Chapter 2, pp. 38 seq. 
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trates. In the chief compounds forming the structural basis of 
living protoplasm, the proteins, we have molecules of great 
complexity, consisting essentially of chains of asymmetric 
molecules united by an easily dissoluble linkage; it is this struc- 
ture which renders possible the high degree of specificity shown 
by the individual proteins. There is definite evidence that to 
this chemical specificity corresponds an equally definite mor- 
phological or structural specificity in the crystalline or other 
aggregates formed by proteins when they separate out from 
solution. Reichert and Brown's observations indicate that if 
our knowledge were sufficiently exact and detailed different 
species could be distinguished and identified by the crystal-forms 
of their haemoglobins,' just as birds can be distinguished by their 
feathers; and presumably similar relations between specific 
molecular structure and the structure of solid aggregates hold 
true for homologous proteins of other kinds. Probably It is to 
the intimately or microscopically crystalline nature of the de- 
posits that the possibility of distinguishing different protein 
precipitates by their microscopic characters is due.^ According 

1 C/. Reichert's very suggestive article, "the Germ-plasm as a Stereochemic 
System," Science, 1914, N.S., Vol. 40, p. 649. Reichert also regards heredity as 
ultimately an expression of the influence of the specific structural characters of the 
cell-proteins upon the course of formative metabolism. "Given as the basis of 
scientific study a germ-plasm that has inherently the power of development; that 
is in the form of a stereochemic system that is peculiar to the organism; that is 
highly impressionable to stimuli; and that has the marked plasticity that is inherent 
to organic colloidal matter, we have all the postulates that are needed as a founda- 
tion upon which, according to the laws of physical chemistry, can be built a logical 
explanation of the essential fundamental elements of the mechanism of heredity . . . 
The typical condition of matter of definite composition is crystalline. . . . Having 
a homogeneous solution of various selected crystalline substances of appropriate 
chemical composition and constitution, and given conditions attendant to crystal- 
lization, the successive stages of crystalline development will proceed along fixed 
and definitely recognized lines. . . . Having in the gerin-plasm an analogous 
physico-chemical system, ... the phenomena of development likewise proceed 
in conformity with the same laws along definite lines ..." (pp. 656-7). These 
quotations will indicate Reichert's general point of view. His conception of the 
manner in which this specific structure influences metabolism and thus determines 
further structure-formation is, however, different from that outlined in the present 
paper. 

2 This seems possible to a considerable degree. Alfred Fischer's work, "Fixier- 
ung, Farbung und Bau des Protoplasmas," Jena, 1899, Chapters 3-5, represents 
a beginning in this direction; further development of this technique seems desirable. 
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to von Weimarn all solid material, including matter in the 
''amorphous" and colloidal states, is ultimately crystalline in 
structure ;^ and this general conception is in conformity with the 
more recent evidence from other departments of physics indi- 
cating that the molecules in solid matter are oriented regularly 
to form definite geometrical patterns (space-lattices).^ If 
therefore to a specific molecular structure there corresponds a 
specific molar structure (or structure peculiar to the substance 
in its solid state of aggregation), it follows that any specific 
protein which is synthesized and laid down in solid form within 
the cell, or at the cell-surface or in any other situation, will 
necessarily produce a definite and specific type of structure dif- 
ferent from that formed by any other protein. Such a chemical 
synthesis would thus involve a morphological synthesis of a 
simple kind; to the constant structure of the single molecules 
would correspond certain constant form-characters in the larger 
aggregates built up from these molecules. It seems clear, there- 
fore, that if specific proteins are synthesized in any organisni,and if 

Delia Valle's view that the form-characters of individual chromosomes are an 
index of a definite microcrystalline structure is especially interesting, since in this 
case a specific chemical composition of each chromosome would be implied by its 
specific and constant form-characters. Cf. Delia Valle: Archivio Zoologico Italiano, 
1912, Vol. 6, p. 37; also Zeitschr. /. Chemie u. Industrie d. Kolloide, 1913, Vol. 12, 
p. 12. 

1 Von Weimarn's observations and theoretical discussions are chiefly published 
in Zeitschrift fiir Chemie und Industrie der Kolloide, 1907-13, Vols. 2 — 13, though 
partly in Russian journals. The work is too extensive to be summarized briefly, 
but its experimental part consists largely in showing that all transitions between 
typically colloidal systems of inorganic and organic compounds and definitely 
crystalline systems may be obtained by varying the conditions of formation of 
the compounds, e. g., the concentrations of the solutions {e. g., Ba(CNS)2 and 
MnS04) mixied to form the compound in question, the solubility of the latter, its 
rate of formation, etc. In this manner the crystalline structure of gels and other 
colloidal systems is clearly indicated. Protein gels are thus crystalline in the 
microscopic or submicroscopic character of their solid phase, and hence possess a 
specific inner structure. The crystalline nature of fibrin gels has recently been 
clearly shown by Howell; cf. Amer. Journ. Physiol., 1914, Vol. 35, p. 143, and 1916, 
Vol. 40, p. 526. For the microcrystalline structure of inorganic precipitation- 
membranes cf. von Weimarn, loc. cit., 1908, Vol. 2, pp. 280 seq., and photographs 
there reproduced. 

2 Cf. the papers by W. H. and W. L. Bragg on the patterns produced by the 
diffraction of X-rays at the surfaces of crystals, indicating a space-lattice arrange- 
ment of the atoms: Proc. Roy. Soc, 1912, Vol. 88 A, p. 428, and 1913, Vol. 89 A, 
pp. 248, 277, 430, 468. 
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their molecules segregate and the compounds separate out in solid 
form, specific structure will be the inevitable result. And this 
structure, having once arisen, will exert its own specific influence 
upon the ensuing chemical and physical transformations in the 
system. Any metabolism thus controlled by specific structure 
must exhibit specific features, and if it produces further structure 
this will also be specific, and will influence specifically the suc- 
ceeding metabolic processes by which more structure is formed.^ 
If we consider the growth and development of the germ in the 
light of these general considerations, we are led irresistibly to 
the conclusion that in any specific sequence of form-changes, 
such as those constituting development in any organic species, 
the character of the formative transformation proceeding at any 
stage, as well as the special character of the terminal stage of the 
whole sequence, the adult organism, must be determined by the 
original structure of the system — that with which the growth 
begins. It is clear that the conditions, structural and other, 
present when growth is begun must affect the entire succeeding 
series of transformations. The initial factors, however, are not 
the only ones to be considered; changes in external conditions 
appearing at any time during the series must contribute their 
influence; and the eventual outcome will be determined not 
only by the initial state of the growing system and its surround- 
ings, but also by the conditions present at any time during the 
process of growth. This conclusion clearly implies that if the 
surrounding conditions are kept constant, a growing system of a 
given initial constitution will undergo a series of transformations 

1 Obviously any chemical synthesis involves a morphological synthesis, in the 
sense of producing molecules with a definite spatial distribution of atoms and hence 
a definite geometric form or configuration. But it is only when these molecules 
unite or segregate (with axes parallel) to form solid structures like crystals or 
crystal-aggregates, that the chemical synthesis becomes the condition of mor- 
phological synthesis in the crystallographic sense; the vectorially acting intera- 
tomic forces determine the special configuration of the molecule, and when union 
occurs to form large aggregates the latter exhibit specific geometrical characters 
which are determined by those of the individual molecules. The present conten- 
tion is simply that morphological synthesis in organisms is also ultimately deter- 
mined, in the somewhat indirect manner indicated above, by this structural specif- 
icity of the solid material produced in metabolism; A definite internal structure is 
thus imparted to protoplasm, and this determines a definite and specific formative 
as well as other metabolism. 
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which Will also be constant, i. e., definite or predetermined. 
The whole developmental sequence may then be said to have 
been determined by the original constitution of the system ; that 
is to say, two or more such similar systems, placed under the 
same external conditions, will develop in the same way and will 
reach similar final stages at the same time. Conversely, two 
systems differing in initial constitution, placed under similar 
external conditions, will be transformed in different manners 
and at different rates and will form different final products. 
The case of two eggs of the same species developing side by side 
in sea-water illustrates the first case ; that of two eggs of different 
species the second. The corollary follows, that any attempt to 
account causally for the special structure or activities of an 
organism at any stage, adult or embryonic, must always involve 
a regressus to the original conditions with which development 
starts. One is thus inevitably brought back to the organization 
of the germ as a starting point. ^ 

The general conclusion follows: any germ with a definite or 
fixed physico-chemical organization, implying constancy in the 
composition, distribution, and physical state of its structural 
and other chemical components, which is in process of incor- 
porating materials from the surroundings (or its own yolk re- 
serves) and transforming these materials so as to form further 
structure, will necessarily follow a constant course of transfor- 
mation if the external conditions are also constant; this will 
apply both to the type of structure making its appearance at 
any stage, and to the physiological processes and other activities 
whose nature depends on that structure. Apparently we have 
here the general type of situation presented by the developing 
germ or other living system in process of growth. Given a 
specific organization at the outset, together with constancy of 
conditions, external and internal, tinder which the incorporated 

1 The origin of this organization is of course similarly to be referred to preexisting 
conditions, and strictly speaking any such regressus is ad infinitum. In any 
sequence of physical processes each stage is at once conditioned by the preceding 
and the condition of succeeding stages — i. e., is both determined and determinant. 
For an admirable discussion of the relation of this feature of reality to develop- 
mental processes in general, c/. Hobhouse's "Development and Purpose," Part 
2, especially chapters 4 and 5. 
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material is transformed and accumulated, and the system will 
undergo a cycle of chemical and physical transformation which 
will itself be constant and specific. That is, two or more such 
systems will undergo identical transformations. This, put 
simply, appears to be the general property or condition which in 
living organisms we call "heredity." 

The artificial growing systems considered in the present and 
preceding papers exhibit in a simplified form the same general 
type of behavior. We have seen that in a system of a given 
composition chemical reactions occurring under structural 
conditions of a definite kind will give rise to definite reaction- 
products at a definite rate and in definite situations; hence if 
solid — i. e., structurally coherent and stable — material is among 
these reaction-products, this material as it accumulates will 
add to the already existing structure in the system and will 
itself influence in a definite manner the succeeding reactions and 
structure-formation. In the formation of precipitation-struc- 
tures or crystallization-structures by combinations of mutually 
precipitating dissolved salts this general type of phenomenon is 
exemplified in a simple manner; and when the precipitates have 
certain physical properties — low solubility, fine subdivision, 
colloidal quality, coherence — the structures thus formed often 
exhibit a close resemblance to simple types of organic growth. 
Precipitation-structures of copper ferrocyanide, made by running 
a solution of copper sulphate beneath a solution of potassium 
ferrocyanide, have long been used to illustrate this phenomenon. 
The essential basis for this resemblance is undoubtedly the for- 
mation of semi-permeable membranes by the precipitate as it 
forms; these, by preventing diffusion, furnish the conditions for 
the osmotic entrance of water into the various membrane- 
enclosed spaces (which are typically of a vesicular, cellular or 
tubular form); a more or less definite localization of osmotic 
processes and of the direction of flow of solution results; hence 
the deposition of precipitate is also localized and a correspond- 
ingly definite structure is formed, which resembles that of simple 
vegetative growths because of the importance of the osmotic 
factor in both cases. The size, shape, and other characters of 
the structures formed under these simple conditions are not so 
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constant as in the majority of organic growths; but much devia- 
tion from type is to be expected when accidental variables are 
not compensated or excluded — as they typically are in the deli- 
cately regulated growth-processes of living organisms. Even 
in organisms, however, the degree of form-regulation varies, 
and in many plants especially the ''habit" of growth is not 
fixed but changes with the conditions. Precipitation-structures 
formed according to the directions of Leduc or Herrera from a 
prescribed combination of materials^ exhibit many morphological 
features which are constant and determined mainly by the 
chemical nature of the structural material. Similarly in the 
precipitation-structures formed from metals by electrolytic 
local action, as described in the present and preceding papers, 
the tubules and vesicles of iron ferricyanide are characteristically 
different in appearance and structure from those of (e, g.) zinc 
ferricyanide formed under the same external conditions; in 
fact each metal (Fe, Co, Ni, Zn, Cd, Cu) forms a specific and 
easily recognizable type of precipitation-structure. The chem- 
ical nature of the structural material — insoluble precipitate of 
inorganic salt in this case — ^determines the special form-char- 
acters assumed by the single filaments, vesicles and other struc- 
tures which grow out from the metal; and if these structures are 
allowed to accumulate until conditions of equilibrium are reached 
and growth ceases, the whole resulting mass of precipitation- 
formation is then found to present an appearance of a constant 
and characteristic kind (see photographs. Plates 1-6). 

In the analogous case of the living organism, e, g., a higher 
animal, where a definite and final form and structure are attained 
at the end of a long period of development and growth, it is 
known that the structural material has a constant and highly 
specific chemical composition ; and it is to be assumed that this 
composition has a determinative relation to the physical and 
other properties of the organized structure thus arising. In 
this respect the two types of growing system under comparison 
exhibit certain fundarnental similarities in the general physico- 
chemical nature of the formative process; and it seems desirable 

1 C/. Leduc, "Mechanism of Life," London, Rebman Ltd., 191 1;. Herrera, 
Boletin de la Direcion de Estudios Biologicos, Mexico, Vols, i and 2, 1916 and 191 7. 
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to recognize these resemblances and to formulate them clearly 
(without of course ignoring or underestimating the many and 
obvious differences). In both the living and the non-living 
growing systems the structural material is the product of chemical 
reactions whose rate, character, and position depend upon the 
chemical nature of the interacting substances and upon the 
structural conditions under which the reactions take place. 
In the living system, however, on account of the minutely graded 
chemical and structural* specificity and the exact regulation of 
the conditions under which the metabolic and structural trans- 
formations occur, the constancy or determinateness of form, 
structure, and activity when the final or adult stage is reached 
is much greater than in the inorganic system; and it is only in 
its broadest and most general features that the growth of the 
latter can be regarded as a model for that of a living organism. 
Indeed the most astonishing feature of organisms has always 
been that from a minute germ a system of the utmost chemical 
and physical complexity, yet identical in all respects with another 
system arising similarly from another germ of the same kind, 
should be built up by the chemical transformation of materials 
taken from the surroundings. Nevertheless something of the same 
kind is seen in the building-up of a precipitation-structure under 
the influence of a piece of metal placed in a ferricyanide solution. 
Here also the material of metal and solution is chemically and 
structurally transformed in a constant manner, and a system of 
definite physico-chemical constitution and activity is formed 
whose peculiarities of structure and activity have a specific 
dependence upon the nature of the introduced metal. 

The precise relation between the- specific chemical constitution 
of the proteins of the living germ — i, e., of those structural 
compounds which are demonstrably peculiar to the species in 
question — and the specific type of structure arising in growth or 
development is unknown. It must be recognized that other 
factors than the chemical specificity and arrangement of the 
structural proteins play a part in determining the precise course 
of the formative process; e, g,, changing the nature and propor- 
tions of the salts of sea-water produces definite modifications of 
development in the eggs of marine animals; well-known examples 
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of this effect are the cyclopia induced in fishes by adding mag- 
nesium salts, ^ and the production of exogastrulae in sea-urchin 
eggs by lithium chloride.^ The germinal protoplasm contains 
inorganic salts and numerous other non-specific compounds, 
differing in their nature, concentration, and distribution in 
different germs; moreover the catalysers present and the various 
purely physical peculiarities of the system {e, g,, viscosity, 
capillarity, boundary-potentials, permeability to diffusing sub- 
stances, etc.) must all enter as factors influencing the rate and 
character of the chemical and physical processes concerned in 
development. All such factors must be included under the 
conception of germinal constitution; but we are still far from under- 
standing why a given germinal constitution determines in such 
minute detail the course of the proliferative and transformative 
process constituting development in any particular species. It 
seems certain, however, that chemical specificity is the primary 
and fundamental factor. All organic structure is built up by 
chemical processes, i. e., by metabolism; hence the divergences 
first appearing in evolution between different species must have 
been primarily chemical in nature, since they obviously involved — 
or consisted in — divergences in the character of the specific 
metabolic syntheses on which the growth, continued life and 
special character of any organism depend. The essential dif- 
ferences in the germinal constitutions of different species must 
similarly depend on specific chemical differences, i. ^., primarily 
on the specific constitution of the proteins; these differences will 
determine specific structural differences, as we have seen. For 
example, it seems probable that the egg of the starfish and that 
of the sand-dollar — which are closely alike in general appearance 
and properties — are not widely dissimilar in their purely chemical 
constitution, except as regards the specific nature of their struc- 
tural proteins; and that it is ultimately because of this difference 
that the two germs effect such different transformations in the 
food and other materials which each incorporates from the sur- 
roundings and builds up into an adult organism of constant type. 

1 Stockard, Archiv f. Entwicklungsmech., 1907, Vol. 23, p. 249; Journ. Exper- 
Zool., 1909, Vol. 6, p. 285. 

2 Herbst, Zeitschr. wiss. Zool., 1892, Vol. 4, p. 446; Mitt. zool. Sta. Neapel, 1893 
Vol. II, p. 136. 
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But a detailed knowledge of the constitution of these proteins, 
i, e., of the chemical nature and serial (or other) arrangement of 
the amino-acids united to form the protein molecule, would not 
at present — if ever — enable us to predict the course of develop- 
ment of either egg. 

We may assume, however, that the essential reason for such a 
ailure would be that the conditions in the living system are too 
complex (for historical and other reasons) to be analyzable in 
the requisite detail, and not that a sufficiently complete knowledge 
of the initial state of the system would never enable us to predict 
the general course and outcome of the developmental transfor- 
mation. Under these circumstances the study of some relatively 
simple inorganic process, which in certain respects may serve 
as a model for the organic formative process, may throw light 
upon the general features of such a problem and indicate the 
type of solution which it is practicable to seek. The purely 
scientific aim is not to follow the developmental sequence through 
all of its stages and account causally for each separate trans- 
formation, but rather to determine what the essential and con- 
stantly operative factors are in all cases of development, — i. e,, 
the general conditions which make possible a specific type of 
development in any particular case. Each case presents its 
own special problems; but there are factors common to all cases 
of development, and any general theory of development requires 
that the nature of these should first of all be clearly indicated. 

In the inorganic growth-structures described in the present 
and preceding papers^ certain definite relations can be recog- 
nized between the type of structure formed and the chemical 
and physical character of the precipitate which is deposited to 
form that structure. Thus filaments of zinc ferricyanide are 
coarser and less coherent, as well as more variable and irregular 
in form, than filaments of iron ferricyanide formed in the same 
solution (see Figs. 1-5, 12-15). The metal may be compared 
with the germ; its specific chemical nature determines the special 
type of structure to which it gives rise in a given solution of 
potassium ferricyanide — i, e,, under definite external conditions; 
the reason for this is that each insoluble ferricyanide has its 

1 R. S. Lillie, Biol. Bull., 1917, Vol. 33, p. 135. 
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own special physical and structural peculiarities which vary 
with the nature of the heavy metal. The observed structural 
difference between these two kinds of filaments appears to be 
largely determined by the difference in the physical nature and 
consistency of the precipitate; this is more finely divided and 
coherent with iron than with zinc, and greater smoothness of 
contour and uniformity of structure in the growing filaments 
are the result. Again, the two closely related metals, nickel 
and cobalt, whose ferricyanides have almost identical physical 
properties, illustrate the same principle in a highly characteristic 
manner; the precipitation-structures formed from these two 
metals are strikingly similar in appearance, exhibiting what 
might be described as a close family resemblance, e. g., in the 
coarse texture and opacity of the filaments and in the char- 
acteristically winding and tortuous course which they both adopt 
(see Figs. i6, 17, 21); this latter peculiarity is found in none of 
the filaments formed from other metals. Similarly zinc and 
cadmium form filaments and vesicular formations (Figs. 12, 13, 
18, 19) which are closely alike in structure and appearance. 

It is interesting to note that this resemblance extends not 
only to the form-characters of the completed structure but also 
to the peculiar type of physical activity which it exhibits during 
its growth. The precipitate forming the walls of the striated 
vesicular or shell-like structures characteristic of zinc and cad- 
mium (see Figs. 13, 18, 19) is deposited rhythmically or inter- 
mittently; the striation is a direct consequence of this rhythm, 
which itself is due to an intermittency in the outflow of the 
solution from the interior of the growing vesicle; this intermit- 
tency depends upon the alternating formation and rupture of 
the precipitation-membrane forming the wall of the vesicle. 
The rate of this rhythm, and hence the rate at which the pre- 
cipitate is deposited and the resultant character of the striation, 
are similar in the two metals. Evidently these peculiarities of 
behavior are to be referred ultimately to the special physico- 
chemical properties of the precipitate and of the metal ; zinc and 
cadmium, being chemically closely related metals, form ferri- 
cyanides having similar properties; accordingly they give rise 
to structurally similar deposits, which under similar external 
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conditions exhibit similar behavior. It should further be noted 
that this behavior is itself a factor in the determination of the 
type of structure formed. The structure of the system and its 
physical activity thus mutually influence each other, and the 
eventual outcome in permanent structure deposited is the result 
of this continual interplay of chemical and physical factors. 

The whole sequence of events in the formation of a single 
striated precipitation-vesicle of cadmium ferricyanide may be 
briefly sketched as follows (for further details see below, page 
260). The original vesicle or tubule with which growth starts 
is formed at an anodal region on the surface of the metal; here 
cadmium ions enter solution, and interact with ferricyanide 
anions to form cadmium ferricyanide, which is deposited as a 
thin easily ruptured semipermeable precipitation-membrane. 
The interior of this original precipitation-vesicle contains a 
soluble salt of the metal (e. g., CdCU, formed from soluble chloride 
in the solution), and more precipitate is formed wherever the 
wall of the vesicle ruptures and the solution flows out from the 
interior to meet the potassium ferricyanide outside. The direc- 
tion and rate of this outflow depend upon various physical 
factors (form and size of vesicle, character of local circuit, external 
conditions, etc.), which consequently determine where and at 
what rate new precipitation-structure is formed. The physical 
properties of the newly deposited precipitation-membrane, which 
by degrees builds up the wall of the growing vesicle, depend 
upon the specific chemical nature of the precipitate (since to a 
definite chemical composition correspond definite physical 
properties) ; these determine the properties of the wall of the 
vesicle, e. g., its elasticity, coherence and resistance to rupture, 
and hence the rate of the rhythmical rupture; this again deter- 
mines the rhythm in the outflow of solution, and consequently 
the rhythm of precipitation ; and this latter rhythm determines 
the arrangement and spacing of the striations, i. e., the character- 
istic morphological features of the completed structure. 

This whole sequence may serve as a simplified model or epi- 
tome of what takes place in any organic formative process. In 
both the living system land its inorganic model the energy for 
the work of growth is derived from the energy freed in chemical 
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reactions. Certain insoluble and physically coherent products 
of these reactions form structure, which as soon as formed in- 
fluences in a definite manner the chemical and physical processes 
by which further structure is formed. In its special character 
this structure varies with the chemical nature of the structural 
material ; as is general with matter in the solid form, this material 
is deposited from solution in a crystalline or quasi-crystalline 
state of aggregation, which is structurally specific in the same 
sense as the molecular structure is specific. Thus the micro- 
scopic and ultimately the macroscopic form-characters of the 
growing system are determined by the special molecular structure 
of the formative material. 

Organic growth, as Child has so clearly pointed out, depends 
upon the progressive accumulation of the solid metabolic products 
which are stable under the conditions. Since the chief of these 
structure-forming products, the proteins, have the most minute 
and detailed specificity known among chemical compounds, it 
is not surprising that the living systems built up from these 
compounds should be correspondingly individualized and specific 
in their structure and activities. The formation of precipitation- 
structures from metals may be regarded as a simplified model- 
process which makes it easier to understand why organisms 
whose proteins are similar in chemical configuration (as shown 
e. g. by precipitin tests) are also structurally and physiologically 
similar — i. e., are closely related in the natural system. Chemical 
similarity and structural similarity go hand in hand, and struc- 
tural similarity involves similarity in physiological activity and 
external behavior. 

We have seen that the formation and activity of these pre- 
cipitation-growths are the result of processes of electrolysis in 
the local electrical circuits arising between different areas of the 
metallic surface. The currents of these circuits control the 
structure-forming process ; and in conformity with this condition 
we find experimentally that the formation of filaments can be 
promoted, modified, or suppressed at will by electrical means. ^ 
In this respect also an analogy to organic processes is to be seen. 
The electrical sensitivity of living matter is one of its most 

1 R. S. Lillie, loc. ciL, pp. 148-157. 
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characteristic peculiarities; and since the energy of any vital 
activity resulting from electrical stimulation — e. g., muscular 
movement — is derived from chemical change in the tissue, it is 
clear that this sensitivity implies an influence of the electric 
current upon the chemical or metabolic processes by which 
energy is freed. These processes are mainly oxidations, and 
the energy thus freed may be applied in chemical and structural 
synthesis, as well as in motor or other activity. The facts of 
electrical stimulation, inhibition, and directive control {e, g., in 
galvanotropism) show that the chemical reactions in protoplasm 
can be initiated, altered in rate, or suppressed by the electric 
current; and there is much evidence that the electric currents 
produced by living cells in their own activity exert normally a 
controlling influence of this kind. In the two preceding papers 
of this series I have briefly reviewed the known facts indicating 
that the organic growth-processes both give rise to and are 
influenced by electric currents.^ The universal susceptibility 
of organisms to electric stimulation is in itself indirect evidence 
that normal growth is subject to this form of control, since 
functional activity, which is readily initiated by the current, 
has a profound influence on growth-processes. Bioelectric cur- 
rents appear always to accompany normal functional activity, and 
many of the most fundamental cell-processes, such as the trans- 
mission of states of excitation in cells and nerve-fibres, appear to 
be directly determined by the currents of local bioelectric circuits.^ 
A dependence of functional activity upon bioelectric processes 
implies a dependence of growth upon such processes, although 
further investigation is needed before the precise nature of this 
interconnection can be defined. 

The recent interesting work of Child and Miss Hyman^ has 
given further direct evidence of such an interconnection; they 
find that the most actively growing zones in various animals, 
especially annelids and planarians, are electrically negative to 

1 Loc. cit., p. 181; Biol. Bull., 1918, Vol. 34, p. 85. 

2 cf^ niy recent series of papers on "the general physiology of protoplasmic trans- 
mission: Amer. Journ. Physiol., 1914, ^Vol. 34, p. 414; 1915, Vol. 37, p. 348; 1916, 
Vol. 41, p. 126; Science, 1918, N. S., Vol. 48, p. 51; Scientific Monthly, 1919, Vol. 8, 
p. 456. 

3 Cf. L. H. Hyman, Science, 1918, N.S., Vol. 48, p. 518. 



PRECIPITATION STRUCTURES SIMULATING ORGANIC GROWTH. 243 

other regions. The evidence now available indicates that this 
condition is a general one, and that in growing tissues and or- 
ganisms (both animals and plants) the regions of preponderant 
growth are typically electronegative (in the physiological sense) 
to less actively growing regions, i. e., at the actively growing 
regions the positive stream of the bioelectric circuit enters the 
living cells from the surroundings. It is well known that in 
irritable tissues the physiologically active or stimulated regions 
are negative to resting regions ; growth appears to agree with other 
forms of functional activity in the character of its bioelectric 
manifestation. The fact that functional activity is in general a 
condition favorable to growth is probably to be connected with 
this fundamental similarity, and suggests that the bioelectric 
currents associated with activity have themselves a growth- 
furthering influence upon the tissue. Now organic growth 
implies the synthesis of specific compounds, especially of pro- 
teins; apparently therefore this synthesis is favored where the 
positive stream enters the protoplasmic surface from the outside. 
In the typical irritable tissue like muscle or nerve the bioelectric 
current leaves the irritable element at the resting regions and 
enters it at the active region; but activity at the latter region is 
usually temporary, unless stimulation is continued, and it is 
probable that the normal automatic return to the resting state is 
directly determined by the re-entrance of the current into the 
irritable element at the active area.^ We know that a positive 
electrode from an external source of current has an inhibiting 
effect when applied to an active area of tissue, and the same effect 
must result at the entrance-region of the current generated by 
the tissue in its own activity. 

All of these facts receive a consistent unitary interpretation 
on the hypothesis that the entrance of the electric current (posi- 
tive stream) into the protoplasm induces or promotes certain 
oxidation-processes, primarily in the surface-film, and that these 
oxidations form a necessary condition of the synthetic processes 
by which the specific structural material of protoplasm is built 
up. In the actively growing cell or organism this synthesis 

^ The automatic repassivation of iron in strong HNO3 offers a close physico- 
chemical analogy; cf.. my paper in Science, loc. cit., p. 55. 
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results in a permanent increase in the quantity of living sub- 
stance. In the stimulated irritable element (e. g., muscle-cell) 
growth is not always evident; but there is evidence that the 
permeability of the surface-film is increased during stimulation 
(this structure being apparently broken down or otherwise 
altered in the stimulation-process), and it seems probable that 
the normal semipermeable condition is restored by a synthetic 
process of the kind indicated, and that in this manner the cell 
regains the resting state. According to this view the altered 
surface-film is restored to its original or resting state after stimu- 
lation by a process involving both chemical and structural 
synthesis, which takes place under the influence of the local 
biolectric circuit. Presumably repair of the cell-surface after 
local injury is accomplished in an essentially similar manner. 
The need of oxygen for the processes of growth, regeneration, 
or recovery from poisoning, narcosis or over-stimulation (fatigue) 
may be understood on this general hypothesis; in all such cases 
oxidation-processes occurring under the control of local bio- 
electric circuits are necessary for the syntheses involved in the 
process of construction or restitution.^ 

An instructive physico-chemical analogy is furnished by the 
local electrochemical reactions concerned in the transmission of 
the active state over the surface of passive metals, e. g., iron, — a 
process apparently similar in many essential features to proto- 
plasmic transmission. 2 Here the propagation of the local acti- 
vation from region to region is directly due to local circuits 
formed at the boundary between the active and passive areas of 
the metallic surface; in an iron wire . immersed in strong nitric 
acid the protective or passivating surface-film of oxidation- 
product is formed at one region of the surface (the anodal) as 
the activation- wave passes, and broken down by reduction at an 
adjoining region (cathodal). In such a wire any local inter- 

1 Loeb's observations on the breakdown of the cell-walls in the blastomeres of 
the Ctenolabrus egg in the absence of oxygen and their re-formation when oxygen 
is readmitted afford a striking instance of the dependence of structure-formation 
upon oxidation-processes. Cf. Archiv. f.d. ges. Physiol., 1895, Vol. 62, p. 249; also 
in "Studies in General Physiology," University of Chicago Press, 1905, Vol. i, 
p. 370. 

2 Cf. my discussion of this resemblance in Science, loc. cit. 
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ruption of the surface-film is thus at once automatically repaired, 
since that region, by the exposure of the underlying metal, is 
rendered anodal, and hence becomes the site of formation and 
deposition of the passivating surface-film. Similarly in the 
production of the local bioelectric circuit, e. g., in a stimulated 
nerve, there is apparently a physical and chemical alteration of 
the protoplasmic surface-film, involving increased permeability, 
at one region, that of excitation; this altered region becomes 
electrically negative, so that the positive stream of the resulting 
bioelectric current there re-enters the protoplasmic surface; and 
apparently it there effects an oxidative synthesis which restores 
the resting condition. According to this conception, construc- 
tive or ''anabolic" processes predominate at the regions where 
the current enters the protoplasm from outside; while at the 
adjoining inactive regions where the current leaves^ and where a 
new state of excitation is automatically aroused, it is to be as- 
sumed that processes of the reverse kind take place. ^ 

It is interesting to note that many years ago, before the de- 
velopment of modern physical chemistry, Hering reached very 
similar conceptions of the relation of the electric current to 
stimulation and to vital activity in general.^ He rejects Du 
Bois-Reymond's purely physical conception of the origin and 
significance of the bioelectric currents, and recognizes that they 
are essentially indexes of chemical changes in the living matter. 
Similarly, external electric currents affect living matter primarily 
through their chemical or metabolic influence; where the current 
enters the protoplasm assimilatory (anabolic) processes predomi- 
nate, and where it leaves, dissimilatory (catabolic); the stimu- 
lating and electrotonic influences of the current are referred to 
these characteristic influences on metabolism. These concep- 

^ Since such constructive processes are the condition of growth, we should 
expect, according to this hypothesis, that the constant electric current in influ- 
encing growth should promote the latter where the positive stream enters the 
tissue {i. e,y at the anode of the pair of applied electrodes) and inhibit where it 
leaves (at cathode). According to the recent observations of Bose (Proc. Roy. 
Soc, B, Vol. 9, p. 364) this is the case in plant growth. " In the polar action of 
electric current on growth, the anode is found to enhance and the cathode to 
depress the normal rate " (p. 399)- 

2 Hering, "Theory of the Functions in Living Matter," Brain, 1897, Vol. 20, 
p. 232 (translation of article in Lotos, IX., Prag, 1888). 
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tions are surprisingly In accord with our modern physico-chemical 
point of view. The physiological polarity in the action of the 
current implies a polar difference in the chemical effects which 
it produces in living matter. The closest physico-chemical 
analogy is electrolysis; and it is to be inferred that processes of 
the same essential nature as electrolysis underlie the chemical 
effects of the electric current in organisms. This possibility 
was partly recognized by the older electrophysiologists/ but in 
the absence of any clear conceptions of the fundamental physico- 
chemical constitution of living matter they could do no more 
than make this suggestion and trust to later investigation and 
criticism for confirmation or disproof.. 

In the precipitation-structures described in this paper the new 
structural material is also formed at the anodal regions of the 
metal; and the inorganic growth-process at any region can be 
accelerated by making that region more strongly anodal, or 
inhibited by making it cathodal. The process of construction is 
thus susceptible to electrical influence, and this influence exhibits 
polar character — a necessary consequence of its dependence on 
electrolysis. Obviously the resemblance of the inorganic model 
to the living system relates only to the general nature of the 
conditions which control the chemical reactions underlying the 
formation and deposition of structural material. The detailed 
character of the formative processes in living matter can be made 
clear only by further investigation, but recognition of the general 
physico-chemical class to which the processes belong is essential 
qis a guide in this investigation. 

The senior author is responsible for Part I. of the present 
paper. The observations and photographs contained in Part II. 
were all made by Mr. Johnston, whose own account of his work 
now follows. 

Part II. Experimental. 

I. Introduction. 
It is the purpose of this paper to describe in some detail 
various types of precipitation-structure^ produced by means of 
electrolytic local action in metals, according to a method de- 

1 C/. E. du Bois-Reymond, " Untersuchungen uber thierische Electricitat," 
Vol. 2, p. 387. 
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scribed in a previous paper by the senior author.^ In the present 
paper description of methods will be confined to certain modi- 
fications which have been found to be more suitable to the pro- 
duction of a certain definite type of structure. Certain con- 
ditions determining the type of structure produced have been 
studied in fuller detail. Expecially interesting is the fact that 
the process of formation is often periodic and accompanied by 
rhythmic motion of the structures formed. Regularly segmented 
or striated formations are thus often produced. Many interesting 
biological comparisons are therefore suggested. ^ 

II. Methods. 

If a piece of fine iron wire, wound about one end with a fine 
copper wire, be dropped into a 2 per cent, egg-albumin solution 
containing 4 per cent. KsFeCye and 4 per cent, or more of NaCl, 
the entire surface of the iron wire rapidly becomes covered with 
fine filamentous growths (Fig. i). They are characteristically 
regular in form; the majority are straight or slightly curved and 
cease growth at a length of 200 microns or less. Very few, if 
any, of the larger striated or branching structures are formed 
under these conditions. A repetition of this experiment using 
a less concentrated solution of the salts (2 per cent, egg albumin 
containing 2 per cent. KsFeCye and 0.5 per cent. NaCl) gives a 
different result. The rate of growth is decreased, the form of 
the filaments is more irregular and many larger structures are 
formed (Fig. 2). In the stronger solution growth usually ceases 
in about five minutes, while in the weaker solution it may con- 
tinue for several hours. 

One method of controlling the rate of growth is to start the 
reaction with a quantity of the solution just sufficient to cover 
the surface of the metal and then to add from time to time with 
a pipette a few drops of the fresh solution. All of the available 
KaFeCye is soon transformed and the reaction ceases until 
renewed by adding more solution. 

It is sometimes an advantage for the study of single filaments 
or other structures to limit the number formed from the metal. 

1 R. S. Lillie, Biol. Bull., 1917, Vol. 2^?^^ P- 135- 

2 Cf. Lillie, loc. cit., pp. 157-172. 
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This may be done by coating the metal with paraffin and then, 
before placing into the solution, removing several very small 
areas. Only one or two structures may be formed from such 
exposed surfaces. 

Experiments have been performed with the following metals: 
Fe, Zn, Cd, Co, Ni, Cu, Pb, Sn, Cr and Al. For each metal 
which forms a precipitate with KsFeCye there is a definite and 
characteristic type of precipitation structure. 

The presence or absence of a protective colloid has a marked 
influence on the kind of structure formed. Definite tubular 
structures or filaments are formed from Zn, Cd and Co only in 
the presence of a protective colloid; in its absence most of the 
precipitate is deposited in an "amorphous" state. Copper 
differs from these metals in forming filaments readily in the 
absence of the protective colloid.^ It forms its characteristic 
structures in a 4 per cent, solution of KsFeCye in distilled water 
containing 4 per cent. NaCl. 

III. Character of Structures Produced with Different Metals. 

I. Iron. — Iron gives rise to a greater variety of well defined 
precipitation-structures than any of the other metals used. 
The structure most frequently formed is a hollow filament cir- 
cular in cross-section and somewhat tapering to the end. Such 
a filament has a typically straight or slightly curved form if the 
latter is not influenced by some modifying external condition. 
The smaller filaments are very easily influenced and are therefore 
less regular in the direction of growth than the larger filaments. 
Figs. 3, 4 and 5 show some of the typical iron ferricyanide struc- 
tures. All were photographed from the same preparation at 
intervals of 10 minutes, i hour, and 24 hours, respectively, after 
placing in the salt solution (2 per cent, egg albumin solution 
containing 2 per cent. KsFeCyg and 0.5 NaCl). 

In the earlier stages of development these structures are thin 
walled, translucent, and comparatively smooth. Later the 
walls become thicker and more opaque. The filaments shown 
in Fig. 3 are all under the surface of the solution and the presence 
of a distinct double contour proves beyond doubt that even the 

1 Lillie, loc. cit., p. 141. 
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very smallest of these structures are tubular. The walls of these 
filaments are precipitation-membranes; in the interior of the 
filament is a dissolved salt of the metal, which upon coming in 
contact with the ferricyanide solution outside forms the pre- 
cipitate upon which the growth of the structure depends. A 
detailed description of this process as well as a very probable 
explanation of the cause of the outflow of the solution has been 
given by R. Lillie.^ 

The phenomenon of branching, although infrequent in iron 
filaments, occurs under certain conditions (Fig. 6). No branch- 
ing has been observed except with the larger filaments and as a 
rule only with those which run along the surface of the solution. 
Some few cases, however, have been observed where the entire 
structure was submerged during its formation. 

Slowness of growth is an essential condition for branching. 
Large filaments like those shown in Fig. 6 grow at the rate of 30 
to 60 microns per minute, while the small filaments shown in 
the same photograph grow at the rate of 120 to 300 microns per 
minute. It required about 2 hours for the large branching 
structure shown in Fig. 6 to form. It is approximately 3 mm. 
long. The branches are always formed within a short distance 
of the growing end of the filament. It is probable that they are 
given off at thin or weak places in the walls where rupture and 
outflow of solution occur. 

In general it has been found that the slower the rate of growth 
— that is, the nearer it approaches that of organic growth — the 
more resemblance there is to an organic structure. There is no 
doubt that the rate of the local chemical reaction, i. e., the rate 
of formation of the precipitate, is an essential factor in deter- 
mining the final form of the structure. In every case where 
there was a decided change in the rate of growth, there was a 
modification in form. The subject of the relation of rates of 
growth to form has been studied extensively in living organisms. 
D'Arcy Thompson, ^ in his book "Growth and Form," maintains 
that the final form which an organism assumes is entirely depen- 
dent on rates of growth. He says, "the phenomenon of rate 

1 Lillie, loc. cit., pp. 144-146. 

^D'Arcy Thompson, "Growth and Form," University Press, Cambridge, 1917. 
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of growth deserves to be studied as a necessary preliminary to 
the theoretical study of form, and, mathematically speaking, 
organic form itself appears to us as a function of time."^ The 
rate of formation of all these structures, which depends on the 
rate of local electrolysis, is always most rapid at first and slows 
down as the reaction continues. Both internal and external 
conditions enter to cause the retardation. The frictional resis- 
tance to the outflow of the solution from the tubular filament and 
the electrical resistance of the circuit are proportional to the 
length of the filament. As these increase the rate at which the 
precipitate is formed decreases; the rate of growth is consequently 
lowered. There is an analogy here to the formation of living 
organic structures, where growth is always more vigorous at 
first and slows down as development continues. Child says, in 
his chapter on rate of metabolism, "everywhere the rate of 
growth is high in the young organism or in the young cells and 
tissues of the organism, and decreases as development proceeds 
and the rate of metabolism falls. With adequate nutrition and 
external conditions which permit growth the rate of growth ap- 
pears to be in a general way dependent on the rate of metabo- 
lism ";2 and he points out that the accumulation of structure 
formed in metabolism may itself impede the metabolic process 
by which more structure is formed. The case of precipitation- 
structures offers an interesting analogy. 

The influence of external conditions on rate and character of 
growth will be discussed below. 

Branching can be produced in large filaments by perforating 
their walls with a finely pointed needle or glass rod. If this is 
done while the filament is growing, the branches resemble the 
main filament in almost every particular (Fig. 7). As many as 
seven branches were produced in this way, each new branch 
being formed from the preceding one, and sometimes three were 
growing at the same time. Puncturing the membrane after a 
filament has ceased to grow forms small side branches which 
themselves almost immediately cease to grow (Fig. 8). 

Cross-striation is frequent in Fe filaments as well as in filaments 

1 Thompson, loc. cit., p. 51. 

2 C. M. Child, "Senescence and Rejuvenescence," Chapter XL, the Rate of 
Growth, p. 276. 
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formed from other metals. This phenomenon occurs very regu- 
larly in the larger filaments that run along the surface of the 
solution, and occasionally in the smaller ones. The striations in 
the large filaments are usually about 25 microns apart (Fig. 9). 
No observation has been made on the precise mode of formation 
of striation in iron ferricyanide structures. Usually striation 
indicates periodic formation ; and in the case of the similar stria- 
tions in Cd or Zn precipitation-structures a direct connection 
with periodic precipitation can be observed. Probably the 
conditions determining the striation in iron filaments are essen- 
tially similar, although differing in detail. 

Mechanical obstacles placed in the path of growing filaments 
have no appreciable influence on the regularity of striation. 
Fine grains of sand were sprinkled into the salt solution and the . 
filaments allowed to grow out among them. The effects are 
shown in Fig. 10. Although the filaments were broken up and 
caused to branch, in some cases entirely enclosing some of the 
sand particles, striation continued as before. Fig. 11 is a photo- 
graph of filaments in which the direction of growth was changed 
by placing a few drops of water from a pipette in the solution 
just beyond the growing end of the filaments. A thin precipita- 
tion-membrane was formed over the end of the filaments and 
growth ceased for a moment. Soon the solution inside forced 
its way through the thin membrane and new filaments were 
formed which grew back into the more concentrated solution. 
The enlarged regions of these new filaments represent osmotic 
effects. It will be observed that striations are formed, but that 
the distances between the striae are more variable (25 to 50 
microns) . 

2. Zinc. — When a small strip of zinc, in contact with a nobler 
metal (Cu), is placed in a 2 per cent, ^gg albumin solution con- 
taining 2 per cent. KsFeCye and 0.5 per cent. NaCI the entire 
surface becomes covered within a few minutes with a dense 
network of filaments (Fig. 12). These structures are tubular 
and show some cross-striation, but differ in almost every other 
respect from the iron filaments just described. In minute 
structure they are coarsely granular with a less sharply defined 
outline, the double contour not showing except in a few of the 
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filaments which run along the surface of the solution. The 
manner of formation of zinc filaments, described in detail below, 
presents one of the most interesting rhythmical phenomena seen 
among any of the precipitation-structures. The rhythmic motion 
at the end of the filament is no doubt the cause of the regularly 
striated surfaces. These effects can scarcely be seen in a mic- 
rophotograph on account of the coarse, thick walls of the fila- 
ments. In Fig. 13 some of the larger zinc filaments are shown. 
Some of these are very regularly and evenly striated. The en- 
larged place in one of the filaments is an instance of a broadening 
and flattening effect produced when a filament comes to the 
surface of the solution. Filaments in all cases are circular in 
cross section while entirely submerged in the solution. 

Branching is a common feature of these large slowly growing 
zinc filaments. T}ie entire outline of these structures is very 
irregular (Fig. 14) ; apparently there is a tendency to give off 
branches all along the course of growth. 

Fig. 15 shows a part of an extremely large zinc ferricyanide 
filament which gave off many lateral branches. It reached a 
length of about 2.5 centimeters. These very large filaments 
grow so slowly that the deposit of precipitate can scarcely be 
seen under the low power of the microscope. The example 
shown was photographed after 24 hours in the solution. Branch- 
ing can also be produced in these large growing filaments by 
puncturing with a fine pointed needle. 

3. Cobalt. — In minute structure the cobalt ferricyanide pre- 
cipitation-filaments resemble those formed from zinc. They 
develop best in a 2 per cent, egg-albumin solution containing 
4 per cent. KsFeCye and i per cent. NaCl, and when the cobalt is 
in contact with copper or some other nobler metal. They re- 
semble zinc filaments in the coarseness of the precipitate, which 
imparts a granular appearance and irregular outline to the fila- 
ments. There is also much non-coherent precipitate scattered 
along the sides of the filaments. Fig. 16 shows the character- 
istic structures. The manner of formation of the filaments 
seems to be the same as for iron filaments, — an even outflow of 
solution and regular deposit of precipitate. When the Co-Cu 
combination is put into a weaker solution (2 per cent, egg albu- 
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men containing 2 per cent. KsFeCye and 0.5 per cent. NaCl), 
numerous hollow, vesicular, shell-like structures (Fig. 17) are 
formed in addition to the slender tortuous filaments. These 
precipitation-vesicles closely resemble those formed on cadmium. 
They are finely and evenly striated, the striae being only about 5 
microns apart. They grow so slowly that no rhythmic motion 
can be detected, but it is probable that their formation is periodic, 
as in the case of the cadmium precipitation-vesicles. 

A highly characteristic feature of the cobalt filaments is their 
tortuous, tendril-like form. They curl and wind in all directions 
without any apparent cause. Nickel filaments show a similar 
behavior. The nature of the precipitate formed, no doubt, has 
much to do with this phenomenon. The long filaments show no 
striation and there is no tendency to form branches. 

4. Cadmium. — ^The most characteristic structures formed 
from this metal are hollow shell-like growths (Fig. 18). These 
form best in a 2 per cent, e^g albumen solution containing 
2 per cent. KsFeCye plus 0.5 per cent. NaCl. The structures 
formed under these, conditions are striated and exhibit a very 
regular rhythmic motion (see below, page 259). They are of 
various shapes and sizes; occasionally they resemble a mussel- 
shell both in shape and character of striation. The striations 
vary in width in different cases from 20 to 30 microns. In Fig. 
19 some of the same structures are shown after 24 hours in the 
solution. The largest of these are about i mm. in length. As 
is shown, their surface becomes entirely covered with fine short 
filaments giving them somewhat of the appearance of a burr. 
Very little growth takes place in the main structure after these 
fine filaments begin to form. As the reaction continues the 
enclosing membrane becomes thick and firm and more resistant 
to the forces which cause the rhythmic motion and periodic 
out-pushing of the structure. The small, short filaments then 
.shoot out quickly at very regular intervals at different points 
over the surface. Some filaments are also formed directly from 
the surface of the metal. These are coarse and granular in 
appearance and show much non-coherent precipitate scattered 
along their course. If a strip of cadmium is put in contact with 
a nobler metal, or if a more concentrated solution of ferricyanide 
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IS used, more filaments and fewer shell-like structures are formed, 
but in general cadmium shows little tendency to form filaments. 

5. Copper. — Precipitation-structures are not formed so readily 
from copper as from Fe, Zn, and Cd and a few other metals. 
The solution-tension of copper is low, hence the metal does not 
readily enter into solution under the conditions of these expe- 
riments. A fine copper wire in contact with a nobler metal (Pt) 
or carbon, and immersed in a solution of 4 per cent. KsFeCye 
in distilled water containing not less than 4 per cent. NaCl, 
will in a short time form some filaments and numerous structures 
having the appearance of a burr (Fig. 20). The filaments that 
are formed are usually not large, are comparatively straight, 
and their walls are smooth and finely granular; very little non- 
coherent precipitate is formed. A few which run over the surface 
of the solution show a very perfect cross stria tion. None of 
these filaments show any tendency to branch. The burr-like 
structures are vesicular with short spicular filaments radiating 
out in all directions. They often exhibit a pulsating or rhythmic 
motion, one or more of the spicules shooting out rather quickly 
at each pulsation. On account of the darkness of color and 
thickness of the walls of these structures no striations have been 
detected, and few details can be shown in a photograph. 

6. Nickel. — Strips of nickel in contact with copper or silver 
in a 2 per cent, egg albumen solution containing 4 per cent. 
KsFeCye and 4 per cent. NaCl soon form a great many winding 
tortuous filaments, closely resembling those formed from cobalt 
(Fig. 21). Some large, thick walled, irregular filaments also 
grow out very slowly from the surface of the metal, and large 
masses of amorphous precipitate are formed. Some of the 
filaments on the surface of the solution exhibit a few irregular 
cross striations. A few groups of small vesicular structures also 
form from the surface of nickel; these have a rhythmic motion 
during their formation and will be described later. 

Experiments similar to the above were performed with Cr, 
Pb, Sn, Mn, Ag and Al, but no well defined precipitation-struc- 
tures were formed except in the case of Cr and Pb. These two 
produced only a few very small filaments — so small in fact that 
they could not easily be studied under the high power of the mi- 
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croscope. Masses of amorphous precipitate were formed on 
Mn and Al, but Ag never showed any reaction, although left in 
the ferricyanide solution for hours at a time. 

IV. Conditions Modifying Form and Rate of Growths. 

1. Electric Current, — (a) The suggestion had been made that 
rate of growth of filaments could be accelerated or inhibited by 
electric influence.^ Iron wires were made the electrodes in a 
ferricyanide -solution by connecting to a battery through a 
rheocord, pole-changer and key. The strength of current re- 
quired to affect the rate of growth is very small. By use of the 
rheocord the potential of the current could be altered at will. 
The general results were that both the rate of growth and the 
number of structures formed were accelerated or increased at 
the anode (Fig. 22) and retarded or decreased at the cathode 
(Fig. 23). By use of the pole-changer the current could be sent 
through the solution in the opposite direction, and the pro- 
moting and inhibiting effects would then show on the opposite 
wires. This experiment indicates clearly the electrical nature 
of the conditions controlling precipitation-formation from 
metals. 

{h) A galvanic current from a storage battery was sent through 
a fine iron wire immersed in the solution. The result was both 
to increase the rate of growth and to change the shape of the 
structure. Upon making the current the rate of growth is 
increased and the growing filaments bulge to almost double their 
original diameter. By alternately making and breaking the 
current the filaments could be made to resemble a string of 
beads (Figs. 24 and 25). These effects are most probably due 
chiefly to the heating eflects of the current. 

2. Sudden Changes of Concentration of the Solution, — By re- 
moving the solution from around a filament-forming metal 
and then immediately replacing it with water the growing ends 
of filaments are caused to swell out in a manner shown in Fig. 
26. After such an experiment growth usually ceases, and the 
walls of the filaments soon break down and fall apart in a peculiar 
manner as shown in Fig. 27. These are osmotic effects, and 
show that the walls of these structures are semipermeable. 

1 Lillie, loc. cit., p. 157. 
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3. Condition of Surface of the Metal. — Oxide-covered areas 
on the surface of a metal form local cathodes in the ferricyanide 
solution; hence filaments are formed only where the pure metal 
is exposed. Fig. 28 shows a piece of rusty iron wire with the 
rust removed along one side; filaments were formed almost 
exclusively on the bright surface, which is anodic. Fig. 29 shows 
both ends of a fine iron wire (bent into a U-shape) 1.8 mm. 
apart, one end being rusty the other polished bright. Filaments 
were formed only on the bright end. It is interesting to note 
that nearly all the filaments formed on the bright end were 
directed toward the rusty end. Apparently the main direction 
of growth is determined by the direction of the current-lines 
between anodic and cathodic areas. 

4. External Conditions. — All filaments are extremely senstive 
to outside influences. Slightly jarring or causing currents in 
the solution sometimes changes both the direction of growth 
and shape of filaments. Encountering small obstacles or other 
filaments has the same effect. Figs. 10 and 30 show the effect 
of filaments encountering small particles of sand. 

5. Modifications in Filaments at the Surface of the Solution.— 
Some of these effects have already been mentioned. A widening 
and flattening effect is common with all filaments on reaching 
the surface of the solution. In some cases there is a display of 
different combinations of colors, and very beautiful figures of 
various shapes are formed. Filaments formed from nickel show 
no interesting features while entirely submerged in the solution, 
but when they run over the surface they become brightly colored, 
showing alternate light blue and brown cross-striations with a 
blue border along each side. Some interesting figures having 
the general shape of a bunch of leaves tinted with brown form 
at intervals along the filaments. 

Another interesting surface-phenomenon is the formation of 
groups of small sac-like structures. This effect is very common 
with zinc filaments. As soon as a zinc filament in its tortuous 
course comes to the surface of the solution these small structures 
begin to form (Fig. 12). They push out around a common 
center, one forming every one or two seconds, at a rate varying 
somewhat in different cases. At the central point there is a 
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regular rhythmic motion which lasts for several minutes. A thin 
and almost transparent membrane swells up rather quickly and 
then a small saccule shoots out at the side; at this instant the 
membrane falls back, seemingly the pressure against it being 
relieved. This process continues for several minutes in each 
case and finally slows down and stops. The thin membrane 
never seems to rupture except at its edge where the little sac- 
like structures are formed. In some cases small filaments form 
also and radiate out around the membrane. 

After several hours many such groups have formed and the 
whole presents a striking appearance. This phenomenon is 
not frequent with iron filaments, although some cases have been 
observed (Fig. 6). In these the vesicles are usually smaller, 
they form more quickly and a larger proportion of fine filaments 
are formed. Such structures are frequently formed from cobalt 
filaments and in this case are always much larger than those 
formed from iron or zinc (Figs. 16, 17). They vary from 200 
to 300 microns in diameter, the enclosing membranes are thicker, 
and the whole structure is somewhat oblong in shape. The 
exact manner of formation has not been observed ; no rhythmic 
motion has been seen. 

6. Influence of Mechanical Contact. — Contact with solid ob- 
jects has a marked influence on both the direction and rate 
of growth. In some cases filaments have shown tendril-like 
tendencies. Cases were observed in which Fe-ferricyanide 
filaments have wound spirally around a fine iron wire as often 
as nine times. Filaments of all the metals used show some reac- 
tion to contact with other bodies. Fig. 9 shows three filaments 
following along side by side for some distance. 

7. The retarding and accelerating efTects on the growth of 
precipitation structures observed in combinations of metals of 
difTerent solution-tension have already been studied and de- 
scribed in full by R. Lillie.^ 

V. Rhythmical Phenomena in Growing Filaments and Other 
Structures. — Rhythmic motion is not evident in the formation 
of filaments in all cases, as, e. g., in the filaments formed from 
iron. These seem to grow by an even and regular deposit of 

1 Lillie, Iqc. cit., pp. 144-146. 
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precipitate, although, under certain conditions the suiface 
filaments show a regular cross striation, a feature probably 
indicating periodic precipitation. 

Under some conditions not yet clearly defined small burr-like 
structures are formed on the surface of an iron wire. Their 
formation seems to depend more on the condition of the surface 
of the metal than on the concentration of the solution. Some 
of these structures are shown in Fig. 2. They are always very 
small, and in the presence of a large number of filaments may 
easily be overlooked. During their formation they sliow a 
regular rhythmic motion causing the fine filaments on their 
surface to wave to and fro with a cilium-like movement. In 
some cases the whole structure pulsates, but in others only the 
filaments show any motion. This movement is comparatively 
slow, the rhythm being at first only about once every second, 
and later slowing down to once every five to eight seconds; 
sometimes this rhythmical motion continues for ten minutes. 
In the formation of zinc ferricyanide filaments very interesting 
rhythmical phenomena are exhibited. A small strip of zinc, in 
contact with a nobler metal (Cu, Fe), when placed in a ferri- 
cyanide solution becomes entirely covered with a fungus-like 
coat of filaments in a few seconds. At the extremity of each 
filament there is visible a regular rhythmic motion or pulsation, 
very similar to that described above as accompanying the 
formation of sac-like structures from zinc filaments at the surface 
of the solution. An almost transparent membrane swells out 
from the end of the filament, remains an instant, and then falls 
back quickly; then again the membrane slowly pushes out and 
the process is repeated. There is no visible evidence that the 
membrane is ruptured at any stage of the motion; neither can 
any suspended particles of precipitate be seen to flow from the 
end of the filament. The filament slowly increases in length, 
and the rate of increase seems to be proportional to the rate of 
rhythmical motion. It seems probable that each time the 
pulsating membrane falls back, it has just been ruptured at its 
edges, some precipitate being then formed and deposited. The 
rate of the motion varies from about once per second in the 
larger filaments to five or six per second in the small ones. No 



PRECIPITATION STRUCTURES SIMULATING ORGANIC GROWTH. 259 

such movement is seen in the large filaments on the surface of 
the solution. During the formation of some of the larger fila- 
ments having this motion, small spicule-like filaments grow out 
radially from the edge of the pulsating membrane. One or 
more forms at each pulsation until, when the filament ceases to 
grow, the whole surface is covered with the small sharp filaments 
and presents a bristly appearance. 

A similar rhythmic motion has been observed during the 
formation of groups of small structures on the surface of nickel. 
Here also the pulsating center is present, but small saccules, 
about 30 to 60 microns in diameter, are formed around the 
membrane instead of small filaments as in the case of zinc. 

The burr-like structures formed on copper have the same 
rhythmic motion as the small structures which sometimes form 
on iron. They exhibit both the pulsating movement of the 
vesicle as a whole and the cilium-like motion of the separate 
filaments. The rate of movement is usually about three per 
second. 

Cadmium ferricyanide precipitation-structures have a more 
regular rhythmic motion than in any other case so far observed. 
The structures are large enough to enable the exact manner of 
formation to be seen. Each structure originates at a minute 
anodic region over which a small precipitation membrane is 
formed, and the succeeding increase in the size of this membrane 
takes place periodically. Growth is not all in the same direction ; 
hence, characteristic shell-like structures are formed instead of 
filaments (Fig. 18). The increase in size takes place through a 
periodical rupture and reformation of the enclosing membrane. 
At each rupture a slight outflow of solution occurs, but a new 
membrane is at once formed, closing the opening; in this way 
the structure is enlarged by the amount of new membrane formed 
during the pulsation. When this increase in surface takes place 
each time at a region whose position (relative to the metal) 
remains unchanged, the structure formed is regular and sym- 
metrical in shape. Sometimes, however, the rupture is first at 
one region and an instant later at another; this tends to make 
the structure irregular and asymmetrical in shape. The sur- 
faces of the structures thus formed are finely striated, the striae 
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varying in width from 20 to 30 microns. The direction and 
arrangement of the striations depend on the manner in which 
the growth has taken place. On the symmetrical structures 
the striations are regular and equidistant. On the whole these 
precipitation-formations bear a very decided resemblance to 
group of small shells. 

Rhythmical movements similar to those observed in these 
precipitation-structures are met with in various other inorganic 
processes. Periodicity in purely chemical reactions and in the 
formation of osmotic growths, as well as in the growth and de- 
velopment of organic structures, has long been known. One of 
the best examples of chemical periodicity is seen in the so-called 
Liesegang rings, ^ which are formed by a diffusion-process asso- 
ciated with regular periodic precipitations. Leduc,^ in his book 
"Mechanism of Life," gives a full chapter to periodicity in 
chemical and other phenomena. He describes certain osmotic 
structures as having rhythmic motion and as growing period- 
ically.^ In Child's book, "Senescence and Rejuvenescence," 
considerable space is given to the subject of periodicity in or- 
ganisms.^ In this discussion he shows that the growth of an 
organic structure is not an even, uninterrupted development, 
but is a largely periodic phenomenon. Another interesting and 
curious phenomenon is the periodic catalysis of hydrogen peroxide 
by mercury, as described by Bredig.^ The liberation of gas in 
the catalytic action takes place intermittently and may continue 
at regular intervals for an hour or more. An electrical current 
of action is also produced resembling that produced in the rhyth- 
mic contraction of the heart, and can be registered in the usual 
manner by a string galvanometer. All of these purely chemical 
and physical phenomena ate significant in that they point the 
way to a better understanding of the phenomena of rhythm 
and periodicity in living beings. 

1 Cf. Liesegang, "Beitrage zu einer KoUoidchemie des Lebens," Dresden, 1909; 
Stansfield, "Retarded Diffusion and Rhythmical Precipitation," Amer. Journ. 
Sci., 191 7, Vol. 43, p. I. 

2 Leduc loc. cit., pp. 67-77. 
^Leduc, loc. cit., p. 156. 

4 Child, loc. cit., pp. 187-193. 

5 Cf. Bredig and Wilke, "Erregung und Beeinflussung katalytischer Pulsationen 
durch elektrische Strome," Biochem. Zeitscher., 1908, Vol. 11, p. 67. 
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Description of Plate L 

Unless otherwise indicated the solution used for the production of the different 
structures was a 2 per cent, egg albumen solution containing 2 per cent. KsFeCye 
and 0.5 per cent. NaCl. In all these photographs the magnification is 32 diameters. 
In most cases the structures were allowed to develop while in position for taking 
the photograph, in order to avoid modifications produced by moving the preparation. 

Fig. I. Fe-ferricyanide filaments, 5 min., after placing in solution (2. per cent, 
egg-albumin, + 4 per cent. KsFeCye + i per cent. NaCl). 

Fig. 2. Fe-ferricyanide structures, about 10 min., after growth began. 

Figs. 3, 4 and 5. Fe-ferricyanide filaments photographed after 10 min., i hr., 
and 24 hrs., respectively. From the same preparation. 
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Description of Plate IL 

Fig. 6. Fe-ferricyanide structures, on the surface of the solution. Striae about 
50 microns apart. 

Fig. 7. Branching produced in a growing Fe-ferricyanide filament by punc- 
turing with a finely pointed needle. In the corner is a branch formed naturally. 

Fig. 8. Branches produced by puncture in an Fe-ferricyanide filament after 
growth had ceased. 

Fig. 9. Fe-ferricyanide filaments finely striated. Striae about 25 microns 
apart. These filaments are on the surface of the solution. 

Fig. 10. Large Fe-ferricyanide filaments, on the surface of the solution, broken 
up by fine particles of sand. 
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Description of Plate III. 

Fig. II. Large Fe-ferricyanide filaments showing the effect of dropping water 
in the solution just beyond the growing end of the filaments. The striae were 25 
to 50 microns apart before the change of concentration. 

Fig. 12. Zn-ferricyanide filaments, and saccules formed at the surface of the 
solution. 

Fig. 13. Large striated Zn-ferricyanide structures. The copper wire is shown 
wound about the Zn-strip. 

Fig. 14. Zn-ferricyanide filament showing the irregularity of growth at the 
surface of the solution and the general tendency to branch. 

Fig. 15. Part of a large, branching Zn-ferricyanide filament on the surface of 
the solution. Photograph after 24 hrs., in the solution. 
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Ddscription of Plate IV. 

Fig. 1 6. Co-ferricyanide structures formed in 2 per cent, egg albumin + 4 per 
cent. KsFeCye + i per cent. NaCl. A group of surface saccules shows at one side. 

Fig. 17. Co-ferricyanide filaments and striated shell-like structures at the 
surface of the metal. The tortuous filaments are submerged in the solution. 

Fig. 18. Cd-ferricyanide structures. The longest of these structures are about 
320 microns. It required about 2 hrs., for these to form. 

Fig. 19. Cd-ferricyanide structures photographed after 24 hours in the solution 
The largest are i.i mm. long. 

Fig. 20. Cu-ferricyanide structures. Formed in a' 4 per cent, solution of 
KsFeCye in distilled water + 4 per cent. NaCl. 

Fig. 21. Ni-ferricyanide precipitation filaments. Formed in a 2 per cent, egg 
albumin solution + 4 per cent. KsFeCye + i per cent. NaCl. 
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Description of Plate V. 

Fig. 22. Fe-ferricyanide growths, showing the acceleration caused by making 
metal anodic while the structures are forming. 

Fig. 23. An iron wire in a ferricyanide solution showing cathodic inhibition 
of precipitation formations. The round objects are hydrogen bubbles. 

Fig. 24. Filaments showing modifications produced by passing a galvanic 
current directly through the metal while the filaments are forming. The beaded 
effect is produced by alternately making and breaking the current. 

Fig. 25. Same as Fig. 24. 

Fig. 26. Precipitation filaments from iron, showing enlargements at the ends 
of the filaments produced by a sudden decrease in the concentration of the solution* 

Fig. 27. This shows the peculiar manner in which large Fe-ferricyanide fila- 
ments break down after a sudden lowering of the concentration of the surrounding 
solution. 
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Description of Plate VI. 

Fig. 28. A rusty iron wire forming filaments only on the bright surface from 
which the rust had been removed. All rust-covered surfaces are cathodic. 

Fig. 29. Both ends of a U-shaped iron wire in a ferricyanide solution. One 
end is rusted and forms no filaments, the other is polished bright, hence is anodic 
and forms many filaments. 

Fig. 30. This shows the modification in direction of growth and shape of fila- 
ments caused by small obstacles (fine sand) in the solution. 
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